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Abstract

The first saccharide ester of a dehydrodiferulic acid (DFA) other than 5-5-DFA has been isolated from maize bran insoluble fibre
after acidic hydrolysis and fractionation by gel chromatography and semi-preparative RP-HPLC. HPLC-MS along with 1D, 2D
and 3D NMR spectra provided the requisite structural evidence that it is the di-5-O-L-arabinosyl ester of 8-O-4-DFA. Although
a range of DFAs have been well authenticated as components released from the cell walls of grasses, the only structural evidence
for a DFA attached to polysaccharides had been from 5-5-DFA. The isolation of the 8-O-4-ester demonstrates that polysaccharides
in maize cell walls, and presumably in all grasses, are cross-linked through dehydrodiferulates other than 5-5-dehydrodiferulate.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferulic acid is incorporated into plant cell walls of
various monocots and some dicots (Ishii, 1997). Feru-
lates are most predominant within species of the Grami-
neae, maize bran being an especially rich source (Bunzel
et al., 2001). In most grasses ferulic acid is ester-linked at
the C-5 position to a-L-arabinosyl residues of arabin-
oxylans, whereas in dicots it is primarily linked to pec-
tins (Ishii, 1997). Because they can act as cross-linking
agents between polysaccharides, or between polysaccha-
rides and lignin (Ralph et al., 1994, 1995, 1998), feru-
lates modify the mechanical properties of cell walls
(Eraso and Hartley, 1990; Grabber et al., 1998a,b;
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Kamisaka et al., 1990; Tan et al., 1992; Zarra et al.,
1999), and affect forage cell wall digestibility by rumi-
nants (Deetz et al., 1993; Grabber et al., 1998a,b). The
degree of ferulate cross-linking between pectic polysac-
charides is conjectured to have a role in maintaining
crispness of vegetables after cooking since it affects the
thermal stability of cell-cell adhesion and, therefore,
texture in tissues (Waldron, 1998; Waldron et al.,
1997). Cross-linking of cell wall polysaccharides by fer-
ulates may influence the physico-chemical behaviour of
dietary fibre and may affect its physiological properties,
e.g. bulk, fermentability, binding and adsorptive capac-
ity (Bunzel et al., 2001).

The predominant mechanism for cross-linking cell
wall polysaccharides is ferulate dehydrodimerisation
via radical coupling (Ralph et al., 1994). Dehydrodifer-
ulates have been identified and quantified in various
plant materials and are characterised as 8-5-, 5-5-,
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8-8-, 8-0-4-, and 4-0-5-coupled dehydrodimers (Bunzel
et al., 2000, 2001; Parr et al., 1996, 1997; Ralph et al.,
1994; Saulnier and Thibault, 1999). However, these
studies are limited to the identification of dehydrodifer-
ulic acids released following saponification. Evidence for
polysaccharide cross-linking via dehydrodiferulates is
possible by isolation and identification of feruloylated
saccharide fragments. The isolation of dehydrodiferu-
lates linked to carbohydrates has been reported only
from bamboo shoots following enzymatic hydrolysis
(Ishii, 1991) and from maize bran following acidic
hydrolysis of cell walls (Saulnier et al., 1999). This pro-
vided the first structural evidence that ferulate dehydro-
dimerisation products cross-link saccharide units in the
cell wall polysaccharides. However, in both cases, only
5-5-diferuloyl saccharides have been isolated.

The isolation of 5-5-diferuloyl oligosaccharides, how-
ever, does not prove intermolecular cross-linking be-
tween two different polysaccharide chains. Molecular
modelling experiments suggested that the 5-5-linked dif-
erulate is unique in that it could be formed intramolec-
ularly (Hatfield and Ralph, 1999). This intramolecular
coupling is possible when arabinose residues bearing fer-
ulate units are positioned three xylose residues apart on
the same xylan chain (Hatfield and Ralph, 1999). The re-
cent isolation and identification of a 5-5/8-0-4-coupled
dehydrotriferulic acid from maize cereal grain was sug-
gested to result from initial intramolecular 5-5-dehydro-
dimerisation followed by intermolecular coupling of the
resulting 5-5-dehydrodiferulate (at one of its 8-posi-
tions) with ferulate on another chain (at its 4-O-posi-
tion), rather than the interaction of three ferulates on
three separate chains (Bunzel et al., 2003). At essentially
the same time, another research group identified the
same trimer and also concluded that the cross-linking
nature of the trimer remained unknown (Rouau et al.,
2003).

In this paper, we describe the isolation and the struc-
tural identification of the di-5-O-L-arabinosyl ester of
8-0-4-dehydrodiferulic acid 7b, Fig. 3, from maize bran
insoluble fibre. This is the first isolation/characterisation
of a saccharide-linked dehydrodimer other than the 5-5-
dehydrodiferulate that was, until relatively recently
(Ralph et al., 1994), the only known ferulate dehydrodi-
mer. We speculate further on the nature of inter- and in-
tra-molecular coupling of polysaccharide chains
mediated by ferulates.

2. Results and discussion
2.1. Isolation of arabinosyl dehydrodiferulates
Owing to its high dehydrodiferulates content (Bunzel

et al., 2001; Saulnier and Thibault, 1999), maize bran
was chosen for the isolation of dehydrodiferuloyl sac-

charides. The conditions of acidic hydrolysis, optimised
for the release of esterified ferulic acid with minimal re-
lease of free ferulic acid, have been detailed previously
by Saulnier et al. (1995). Following a pre-separation step
on Amberlite XAD-2, the fraction obtained by eluting
with 50/50 methanol/water was selected to isolate
dehydrodiferuloyl saccharides by Sephadex LH-20
chromatography. This fraction should contain dehydro-
diferulic acids linked to low molecular mass saccharides.
Using Sephadex LH-20 chromatography with aqueous
or organic-aqueous eluents, separation of molecules is
based not only on their molecular weight but also on
interactions between the stationary phase and the phe-
nolic compounds. A two step elution using water (which
eluted feruloyl saccharides) and 20% aqueous methanol
(which eluted dehydrodiferuloyl saccharides) gave a
good separation of the two classes (Fig. 1). Isolation
and structural determination of two major compounds
eluted with water, 5-O-trans-feruloyl-L-arabinofuranose
(fraction F1, Fig. 1; compound 1, Fig. 3) and O-B-p-
xylopyranosyl-(1 — 2)-(5-O-trans-feruloyl-L-arabinof-
uranose) (fraction F2, Fig. 1; compound 2, Fig. 3) have
been described by Saulnier et al. (1995). Five primary
fractions, labelled 3-7 (Fig. 1), were obtained using

3500+

3000
E 2500
& 20001
o
7]
< 15007
=)
1000
500 1 2
0 _J : . . . . . . .
0 500 1000 1500 2000 2500 3000 3500 4000
Time [min]
1804 4
s
E
®
c
2
P
>
=)
0

0 1000 2000 3000 4000 5000 6000
Time [min]

Fig. 1. Sephadex LH-20 chromatograms showing the separation of the
acidic hydrolysates (MeOH/H,O-fraction after Amberlite XAD-2
separation) using water (top) and methanol/water (20/80) (bottom)
as eluents (detection at 325 nm).
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20% methanol as eluent. Following saponification, phe-
nolic compounds were determined to be associated with
all five fractions by RP-HPLC. Relative retention times
and UV-spectra were used for identification. None of
the fractions contained a pure dehydrodiferuloyl saccha-
ride, demonstrated by the release (by saponification) of
at least two dehydrodiferulic acids from all fractions.
The major phenolic compound derived from fraction 6
(F6) was 5-5-dehydrodiferulic acid. Fraction 7 (F7) pro-
duced a mixture of 5-5- and 8-0-4-dehydrodiferulic
acids (ratio approximately 1:1). Both F6 and F7 were
further purified/separated by semi-preparative RP-
HPLC. Two fractions were obtained from F7 (F7a
and F7b) (Fig. 2). Purification of F6 gave one major
fraction (Fép, p-purified).

2.2. Structural identification of Fép, F7a and F7b

5-5-Dehydrodiferulic acid was the major phenolic
compound identified after alkaline hydrolysis of Fép
and F7a, whereas 8-O-4-dehydrodiferulic acid was the
sole phenolic compound from F7b. Arabinose was the
only carbohydrate released from F7b, determined as
its alditol acetate after acidic hydrolysis. F7a contained
arabinose and xylose and F6p a mixture of arabinose,
xylose and galactose.

Further analysis of Fop (HPLC-MS, NMR) showed
that this fraction was a complex mixture of different 5-
5-dehydrodiferuloyl saccharides. No attempts at further
separation were made. The molecular weight of F7a was
782 (potassium adduct ion with m/z 821 [M + K]* and
sodium adduct ion with m/z 805 [M + Na]"), consistent
with one dehydrodiferulic acid and three pentose units.
The structure of F7a was obtained, using one- and
two-dimensional NMR experiments. It consists of 5-5-
dehydrodiferulic acid, two arabinose and one xylose
moieties, Fig. 3, and has been described previously
(Saulnier et al., 1999).
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Fig. 2. Semi-preparative RP-HPLC-chromatogram obtained from
fractionation of F7 under conditions pertaining to the procedure
described in Section 4.
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Fig. 3. Structure and numbering system of isolated feruloyl and
dehydrodiferuloyl saccharides 1, 2, and 7a (which have been previously
identified) and 7b, the di-5-O-L-arabinosyl ester of 8-0-4-dehydrodif-
erulate that is the main subject of this paper.

Analysis of F7b by HPLC-MS gave potassium ad-
duct ion with m/z 689 [M + K]* and sodium adduct
ion with m/z 673 [M + Na]", indicating a molecular
mass of 650, corresponding to one dehydrodiferulic acid
and two pentoses. High-resolution MS, found
[M+ Na]®™ 673.17516, C;3,H34NaO,¢ requires M
673.17445. Preliminary analysis suggested that F7b
was the elusive 8-0-4-dehydrodiferulate with each acid
esterified by an arabinosyl unit. Although the quantity
of 8-5-, 8-8-, and 8-0-4-dehydrodiferulates all typically
exceed the amount of 5-5-dehydrodiferulate, it is only
saccharide esters of the latter that have to date been iso-
lated and characterised (Ishii, 1997). The main concern
of this paper is therefore the structural elucidation of
F7b by MS and NMR experiments.

The aromatic/double-bond region of the NMR spec-
trum, Fig. 4, is relatively easy to interpret. At least two
sets of resonances, in approximately a 2:1 ratio, are seen
for each proton due to their attachment to either the o-
or the B-anomer of arabinose. The important A7 singlets
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Fig. 4. Proton and HSQC spectra of the ferulate region of compound 7b. The expanded proton regions show that, for some protons (notably B8 and
BS), the entire four isomers (from two anomers of each arabinose unit) can be resolved. The expansions are labeled to signify the attached arabinose
unit followed by the remote arabinose on the other moiety; thus Ba.Ap signifies a B-unit ferulate attached to the a-anomer of arabinose in a molecule
in which the A-unit is esterified by an arabinose B-anomer. Note: non-ideal shim (producing baseline humps around the peaks and some tailing) was

due in part to the use of volume-restricted NMR tubes.

are the prime indicators that moiety A is 8-O-linked; fol-
lowing 8-0-4-radical coupling, the intermediate quinone
methide rearomatises by elimination of its acidic 8-pro-
ton (Ralph et al., 1994). Proton A7« is a singlet at 7.46
ppm whereas, A7 is a singlet of about half the height at
about 7.50 ppm. Similarly, AS is an 8.3 Hz doublet at
6.7755 ppm when attached to the o-anomer and
6.7725 ppm for the B-anomer. The B-ring protons expe-
rience the effect of both arabinose substituents. Proton
B8 for example resolved into four 16.0 Hz doublets;
the tallest is the one in which the B- and A-moiety arab-
inose substituents are both the predominant o-anomers
(BaAa). At half the height, and just slightly higher
chemical shift, is the doublet in which the B-unit is still
esterified with an a-arabinose whereas the A-unit is
esterified with the less predominant B-arabinose (BaA ).
At significantly lower chemical shift are the doublets in
which the B-unit is esterified with a B-arabinose; the tall-
est, at half the height of the BaAa doublet and the same
height as the BaAP doublet is the BBAa doublet, while
at half its height again is the BBAP doublet. Similarly

protons B5 resolved into four doublets in a similar
way (expansion in Fig. 4, data in Table 1). Also, whereas
A6 is a clean pair of doublet-of-doublets, one (with the
attached P-arabinosyl unit) at half the height of the
other (with the attached a-arabinosyl unit), the B6 pro-
tons are obviously more complex but again can be fully
resolved into the four component doublets-of-doublets
(expansion not shown but data presented in Table 1).
Proton peaks are therefore in the typical ferulate guaia-
cyl pattern; their ready identification allows their car-
bons (data in Table 2) to be identified in the *C—'H
correlation (HSQC) experiment (Fig. 4).

NMR interpretation of the aliphatic arabinose re-
gion is made complex, even at 750 MHz, by the pres-
ence of four isomers here from the two anomers of
each of the arabinose units. The anomeric protons of
all four are almost completely resolved (Fig. 5(a)),
the B-anomers at higher chemical shifts than the more
dominant o-anomers, and the units attached to the B-
unit at higher chemical shifts than those attached to
the A-unit. The TOCSY experiment, Fig. 5(b), then
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Table 1
'"H NMR data for compounds 7b, the di-5-O-L-arabinosyl esters of 8-0-4-dehydrodiferulic acid (in acetone-de:D,0 9:1); chemical shifts oy in ppm, coupling constants .J
in Hz
H Arabinose moiety Ferulate moiety
Ao AP Ba Bp Ao AB BoAo BoAR BBAa BBAB
1 5.102 5.197 5.135 5.202
Ji12=2.06 Ji,=4.51 J12=2.25 Jip=4.13
2 3.956 3911 3.972 3.907 7.4297 7.4239 7.4259 7.4259 7.4136 7.4145
Jr3=3.56 J>3=5.93 Jr3=3.89 Jo3=16.75 Se=21 Je=21 Jr=21 Jre=21 Jr6=21 Jre=2.1
3 3.862 4.030 3.886 4.028
J34=6.01 J34=6.57 J34=5.83 Js4=6.38
4 4.169 3.883 4.192 3.866
Ja5ax = 5.99 Ja5ax = 7.05 Ja5ax = 6.72 Ja5ax = 6.40
Jaseq = 3.47 Ja5eq =3.48 J45eq =3.53 J45eq =373
5 5, 4220 4.177 4.174 4.236 6.7755 6.7725 6.7935 6.7915 6.7995 6.7985
Jsaxseq = —11.52 Jsaxseq = —11.60  Jsaxseq = —11.82  Jsaxseq = —12.19  J56=83 Jsc=83 Js6=83 Js6=83 Jss=83 Js6=8.3
5. 4362 4314 4.330 4.333
6 7.1778 7.1703 7.1105 7.1071 7.1051 7.1015
7 7.4640 7.4967 7.6102 7.6155
J75=16.0 J75=16.0
8 6.4616 6.4628 6.4515 6.4525
OMe 3.673 3.670 3.96 3.96 3.96 3.96
Table 2

13C NMR data for compounds 7b, the di-5-O-L-arabinosyl esters of 8-0-4-dehydrodiferulic acid (acetone-ds: DO 9:1); chemical shifts d¢ in ppm

C Arabinose moiety Ferulate moiety
Ao AB Ba Bp Ao AB Ba Bp

1 103.09 96.93 103.09 96.93 124.69 124.69 129.81 129.92
2 82.91 77.70 83.00 71.70 113.80 113.96 112.22 112.29
3 78.00 76.50 78.18 76.50 148.32 148.32 149.86 149.86
4 81.56 80.30 81.56 80.30 149.48 149.48 148.58 148.58
5 65.70 66.60 65.16 67.00 115.90 115.86 114.35 114.30
6 126.03 126.02 123.09 122.97
7 128.99 129.06 145.53 145.50
8 137.36 137.30 116.79 116.81
9 163.79 163.73 167.71 167.59
OMe 55.69 55.69 56.36 56.36

Data are from 2D HSQC and HMBC spectra; a 1D '*C NMR spectrum was run but was to weak to deduce the peak detail.

identifies the proton coupling network for each. Deter-
mining the proton assignments requires the aid of the
COSY experiment, Fig. 5(c), which is difficult to fully
assign because of severe overlap, but allows most of
the protons to be assigned and particularly distin-
guishes the 2- and 3-protons. The HSQC spectrum,
Fig. 5(d), aids in the assignment of the 5-protons/car-
bons and provides the carbon chemical shifts. Never-
theless, there is significant overlap making
unambiguous assignments difficult. Finally, the long-
range correlation experiment (HMBC, not shown) al-
lows assignment of the two rings (A vs B) since the
carbonyl carbon resonances are well dispersed at
163.6 and 167.5 ppm (the latter matching well with
FA-Ara at 169.8 ppm in D,O (Bunzel et al., 2002),
and 167.9 ppm in 9:1 acetone-ds:D>O (unpublished)
which models the B-unit).

Much of the spectral assignment ambiguity was re-
solved by exploiting the extra dispersive power of a third
dimension. The 3D TOCSY-HSQC experiment is par-
ticularly efficient, even finding considerable value for
polymeric lignins (Marita et al., 2001; Ralph et al.,
1999). Fig. 6(a) shows the 2D HSQC reference spec-
trum, along with f2-f3 planes at given proton shifts in
which the two a-anomers are well isolated, and a com-
bined B-anomers plane. These planes firmly identify
the carbons belonging to each compound. Planes at gi-
ven proton frequencies corresponding to each of the
anomeric protons in the f1-f2 direction, Fig. 6(b), give
beautiful HSQC-TOCSY correlation spectra isolating
each of the four compounds, unambiguously revealing
the proton data for even the two P-anomers where
the anomeric protons are partially overlapping.
Finally, f1-f3 planes at given carbon frequencies in the
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Fig. 5. Assignment of the arabinose regions. (a) Proton NMR spectrum (color-coded following the assignment process — see text). (b) TOCSY
section showing correlations between the resolved anomeric protons and the other five protons in each arabinose coupling network. (¢) COSY
experiment which clarifies assignments of particularly the 2- and 3-protons. (d) HSQC experiment which clarifies the 5-proton assignments and yields
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13C chemical shifts for each unit (but which was difficult to resolve until the 3D experiment of Fig. 6).
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(a) 2D Reference HSQC, and 3D TOCSY-HSQC: f,-f3 planes, 13C-H (HSQC at a given 'H shift)
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Fig. 6. Resolving the four arabinose units by 3D NMR. (a) A 2D HSQC spectrum for reference, followed by three '*C—'H (f2-f3) planes (at given
proton shifts) that reasonably isolate each of the two a-arabinose units, and a combined plane with the B-units. (b) Four selected BC-H (f1-f2)
HSQC-TOCSY planes (at the given 'H shifts in the anomeric proton region) on which the four arabinose units are fully resolved. The deduced
proton shifts (and assignments from the whole complement of experiments) are denoted beside each contour. (c) Three selected 'H-'H (f1-3)
TOCSY planes (at given '>C shifts) on which the a-arabinose units are reasonably well resolved, and a plane on which the two p-units overlap (but is
mainly B). Note: when overlapped peaks/contours appear (especially for BB and AB), contours are simply colored as the more dominant one for

simplicity.
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remaining direction, Fig. 6(c), give fairly well resolved
TOCSY spectra. The 3D experiment therefore nails
down most chemical shift assignments for all of the four
compounds.

The only remaining problem is to extract coupling
constants and more precise chemical shifts, especially

E. Allerdings et al. | Phytochemistry 66 (2005) 113124

where signals are close to one another. The best way
to deal with the complexity of this spectrum was to
mathematically simulate the spectra for each isomer;
spectral simulation provides the best chemical shift
and coupling constant data when protons are tightly
coupled. Chemical shifts were estimated from the

methoxyls
TH NMR, Arabinose region
Ao 1] 5eq] ] 5ax 4] 2] 3]
Bo 1] 5eq] 41 )5 2] 31
Ap 1] 5eq] ] 5ax 3] 2] 4]
Bg 1] 5eq] ] 5ax 3] 2] 4]
522 520 518 516 514 512 §{i0 508 4.38 436 4.34 432 430 424 422 420 418 4.16 4.04 4.02 398 396 3.94 392 390 3.88 3.86 3.84

Ao

Bo

522 520 518 516 514 512 510 5.08

438 436 434 432 430

424 422 420 418 4.16

392 390 3.88 3.86 384

4.04 4.02

398 39 394

Fig. 7. Simulation of the arabinose unit proton spectra. The top trace is the measured 750 MHz spectrum, resolution enhanced. Our inability to
brilliantly shim this sample in its restricted-volume Shigemi tube is clear from the tailing to the right of each peak, particularly noticeable from the
strong methoxyls at 3.963 and 3.961 ppm. Peaks that have a definitely discernable origin are color coded for each arabinose anomer as in Fig. 5 and
in the following plots. Actual chemical shifts are depicted along the bottom of the top plots. Below are the iteratively matched simulated spectra for
each of the two anomers of each arabinose, color coded as in previous figures. The ax and eq descriptors denote the pseudo-axial (proS) and pseudo-
equatorial (proR) assignments based on deuterium exchange studies from Serianni’s group (Wu et al., 1983).
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TOCSY, COSY, and HSQC experiments. As many of
the coupling constants as possible were estimated from
the 750 MHz '"H NMR spectrum. In some cases, such
as the doublet-of-doublets at ~4.36 ppm, patterns were
obvious by inspection. In other cases, such as the eight
line pattern centered at ~3.91 ppm and the six line pat-
tern centered at ~4.225 ppm, two overlapping doublets-
of-doublets can be uncovered by careful analysis. Where
coupling constants could not be estimated from the
spectrum, coupling constants from arabinose analogs
were used. The spectrum for each arabinose isomer
was calculated using these estimates as starting values.
Peaks in the spectrum of each isomer were assigned to
peak positions in the actual spectrum. The chemical
shifts and coupling constants were varied and the spec-
trum recalculated until the peaks of the calculated spec-
trum duplicated peaks in the actual NMR spectrum.
Comparisons between the calculated spectrum of each
isomer and the actual NMR spectrum are shown in
Fig. 7. In some cases, such as the 5eq multiplet of isomer
Ba (red), the non first order nature resulting from the
tight coupling of the 4 and 5ax protons produces a pat-
tern from which visual extraction of NMR data is
clearly impossible. The chemical shifts and coupling
constants used to calculate the final arabinose spectra
are summarised in Tables 1 and 2.

All of the data are fully consistent with the com-
pounds isolated being the four isomers of the di-5-O-
L-arabinosyl ester of 8-0-4-dehydrodiferulic acid. The
identification as an L-arabinose moiety was not proven
here since the existence of arabinose units in grass ara-
binoxylans as their o-L-arabinosyl isomers is already
well established (Ishii, 1997).

3. Conclusions

The capability of dehydrodiferulates to act as intra-
and/or inter-molecular cross-linking agents in the plant
cell walls has long been discussed (Fry, 1986; Hatfield
et al., 1999; Ishii, 1997; Ralph et al., 1993, 1998,
2004). The isolation of 5-5-dehydrodiferuloyl saccha-
rides (Ishii, 1991; Saulnier et al., 1999) provided the first
conclusive structural evidence that dehydrodiferulates
attach to two saccharide units. However, according to
molecular modelling experiments both ferulate units of
5-5-coupled dehydrodiferulate, uniquely, may be teth-
ered to the same arabinoxylan chain; the characterisa-
tion of the 5-5-coupled product does not therefore
prove intermolecular cross-linking between different
polysaccharide chains (Hatfield and Ralph, 1999). The
diarabinosyl ester of 8-0-4-dehydrodiferulic acid is the
first saccharide-linked dehydrodiferulate other than 5-
5-dehydrodiferulate that has been isolated and charac-
terised. Its existence provides the required evidence that
dehydrodiferulates may act as intermolecular cross-link-

ing agents in cell walls. Intermolecular cross-linking has
profound effects on the structure of plant cell walls,
influencing the physico-chemical and possibly physio-
logical properties of cereal grain fibres in general. How-
ever, the mentioned molecular modelling study used a
rather inflexible xylan backbone consisting of 16 xylose
units. Due to the proposed semi-flexible structure of
larger arabinoxylans we can not fully exclude the possi-
bility of intramolecular formation of the 8-0-4-diferu-
late from two ferulates located at the opposite ends of
the xylan chain.

4. Experimental
4.1. Plant materials

Maize bran (Zea mays L.) was kindly provided by
Hammermiihle  Maismihle GmbH  (Kirrweiler,
Germany).

4.2. General

Heat-stable a-amylase Termamyl 120 L (EC 3.2.1.1,
from Bacillus licheniformis, 120 KNU/g) was from Novo
Nordisk (Bagsvaerd, Denmark). Amberlite XAD-2 was
obtained from Serva (Heidelberg, Germany), and
Sephadex LH-20 was from Pharmacia Biotech (Frei-
burg, Germany). Methanol (MeOH) (HPLC grade)
was from Baker (Deventer, Holland), acetone-ds was
from Isotec (Miamisburg, OH, USA), and deuterium
oxide from Sigma (Milwaukee, WI, USA). All other
chemicals and solvents were purchased from Merck
(Darmstadt, Germany).

4.3. Preparation of insoluble maize fibre

n-Hexane defatted maize bran (20 g, milled to a par-
ticle size smaller than 0.5 mm) was suspended in phos-
phate buffer (pH 6.0, 0.08 M, 300 ml), and heat-stable
o-amylase (1.5 ml) was added. Beakers were placed in
a boiling water bath for 40 min and shaken every 5
min. After cooling down to room temperature, the sus-
pension was centrifuged, and the residue was washed
two times with hot water (70 °C), 95% ethanol and ace-
tone, and was finally dried at 40 °C overnight in a vac-
uum oven. This procedure was performed several times.

4.4. Chemical degradation of insoluble fibre

Chemical degradation of insoluble fibre was carried
out as described previously (Bunzel et al., 2002; Saulnier
et al., 1995) but with minor modifications. Insoluble fi-
bre (55 g) was treated with 50 mM trifluoroacetic acid
(1.2 1) under reflux for 3 h at 100 °C. After centrifuga-
tion the supernatant was filtered and evaporated at
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40 °C under vacuum to 200 ml. The solution was ad-
justed to pH 5.0 using 0.1 M NaOH and centrifuged
again. Finally, the solution was concentrated to 100 ml.

4.5. Isolation of dehydrodiferuloyl oligosaccharides

The hydrolysate was applied to a column (40 X 5 cm)
of Amberlite XAD-2. Elution was carried out with H,O
(1.5 1), MeOH/H,0O 50/50 (2 1) and MeOH (1.5 1). The
MeOH/H,O fraction was concentrated to 25.5 ml and
applied to a column (100 x 3.2 cm) of Sephadex LH-
20. A two step elution was performed: (1) elution with
water for 70 h, flow rate: 1 mlmin~' (L-6000 pump,
Merck/Hitachi, Darmstadt, Germany); (2) elution with
MeOH/H,0 20/80 (v/v) for 100 h, flow rate: 1 ml min~".
The absorbance of the eluent was monitored continu-
ously at 325 nm with an UV-detector equipped with a
preparative flow cell (L-7400, Merck/Hitachi, Darm-
stadt, Germany). Fractions were collected every 18
min. Further purification of the isolated fractions was
performed by semi-preparative HPLC (L-6200 Intelli-
gent pump, Merck/Hitachi, Darmstadt, Germany) using
a Nucleosil 100-5 C18 HD column (250 x 10 mm, 5 pm,
Macherey-Nagel, Diiren, Germany). Elution was car-
ried out at room temperature and a flow rate of 4
ml min~' was maintained. An acetonitrile/H,O gradient
was used: initially acetonitrile/H,O 20/80, linear over 30
min to acetonitrile/H,O 40/60, held isocratically for 10
min, followed by a rinsing and equilibration step. The
injection volume was 50 ul using a 100 pl injection loop.
Phenolic compounds were detected using an UV-detec-
tor (325 nm, Variable Wavelength Monitor 2141,
LKB/Pharmacia, Freiburg, Germany).

4.6. Identification of dehydrodiferuloyl oligosaccharides

Phenolic compounds were determined by HPLC (L-
6200 Intelligent pump, T-6300 Column thermostat,
Merck/Hitachi, Darmstadt, Germany) using a Nucleosil
100-5 C18 HD column (250 x 3 mm, 5 um, Macherey-
Nagel, Diiren, Germany) after alkaline hydrolysis.
About 0.1-0.2 mg of purified fractions were saponified
with NaOH (1 M, 200 pl, degassed with N,) by stirring
for 2 h in the dark at room temperature. The reaction
was stopped by adding 2 M H3;PO4 (150 pl). This solu-
tion was used directly for HPLC analysis. Elution was
carried out using a gradient of aqueous 1 mM trifluoro-
acetic acid (TFA) and MeOH: initially MeOH/1 mM
TFA 20/80, held for 10 min, linear over 5 min to
MeOH/I mM TFA 35/65, held isocratically for 15
min, linear over 10 min to MeOH/1 mM TFA 45/55,
held for 10 min, followed by a rinsing and equilibration
step. The injection volume was 20 pl, the column tem-
perature 45 °C, and the flow rate was maintained at
0.8 ml min~'. Phenolic compounds were detected using
a Waters 994 programmable photodiode array detector

(Waters, Eschborn, Germany) at 325 and 280 nm. Dehy-
drodiferulic acids were identified by comparison of their
relative retention times and UV-spectra with those of
authentic standard compounds (Bunzel et al., 2004).
Molecular weights of isolated dehydrodiferuloyl oli-
gosaccharides were determined using HPLC-MS work-
ing in the positive-ion mode (HP Series 1100:
autosampler G1313A, binary pump G1312A, degasser
G1322A, mass spectrometer G1946A (ion-source:
atmospheric  pressure  electro-spray  ionisation),
Hewlett-Packard, Waldbronn, Germany). Fast elution
was carried out using a Nucleosil 100-5 C18 HD column
(250 x 3 mm, 5 um, Macherey-Nagel, Diiren, Germany)
and a gradient of ammonium formate buffer (pH 3) and
acetonitrile: initially acetonitrile/ammonium formate 15/
85 held for 2 min, linear over 5 min to acetonitrile/
ammonium formate 50/50, held isocratically for 5 min.
The injection volume was 20 pl, the column temperature
40 °C, and the flow rate was maintained at 0.7 ml min~".
High-resolution mass spectrometry was performed on a
MATI95XL (ThermoFinnigan MAT, Bremen, Ger-
many) instrument, working in the positive ion mode.
Neutral carbohydrate compounds were determined
as alditol acetates after acidic hydrolysis (2 M TFA,
120 °C, 60 min) by GLC (Hewlett—Packard 5890 Series
II, Waldbronn, Germany). Reduction and acetylation
was carried out as described elsewhere (Blakeney
et al., 1983). Alditol acectates were separated using a
HP-5MS capillary column (0.25 mm x 30 m X 0.25 pm
film thickness) (Hewlett—Packard, Waldbronn, Ger-
many). GLC conditions were as follows: initial column
temperature: 45 °C, held for 1 min, ramped at 40
°Cmin~! to 165 °C, held for 12 min, ramped at 10
°Cmin~! to 220 °C, held for 3 min, ramped at 20
°C min~! to 240 °C and held for 3 min; cold on-column
injection, flame ionisation detection (detector tempera-
ture 300 °C). He (1.5 ml min~') was used as carrier gas.
1D and 2D NMR-spectra were acquired on a Bruker
DMX-750 instrument (Karlsruhe, Germany) fitted with
a 5-mm triple-resonance ('H, '*C, '"N) gradient inverse
probe (proton coils closest to the sample). Carbon/pro-
ton designations are based on conventional numbering
(see structures in Fig. 3). The sample, ~2 mg, was dis-
solved in 0.5 ml of 9:1 acetone-ds:D,0; the central ace-
tone solvent peak was used as internal reference (oy
2.04, oc 29.80). Experiments used were standard Bruker
implementations of gradient-selected versions of inverse
('H-detected) homonuclear correlation spectroscopy
(COSY), total correlation spectroscopy (TOCSY), het-
eronuclear single quantum coherence (HSQC, HSQC-
TOCSY), and heteronuclear multiple bond correlation
(HMBC) experiments; the HMBC experiments used an
80 ms long-range coupling delay. The 3D experiment
was run on a Bruker DMX-600 instrument (Karlsruhe,
Germany) fitted with a 5-mm triple-resonance (‘H,
3¢, 1°N) gradient inverse cryoprobe for enhanced sensi-
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tivity. The 3D gradient-selected TOCSY-HSQC experi-
ment was trivially modified to use {2 as the carbon chan-
nel from “mleiietf3gs3d” (a 3 channel experiment using
nitrogen on f3). The TOCSY spin lock period was 190
ms (optimised from a series of 2D TOCSY experiments).
The experiment consisted of acquiring 512 real-time pro-
ton data points (f3) over a sweep width of 1.5 ppm, with
128 increments over 52 ppm in the carbon dimension
(f2), and a further 32 increments over 1.5 ppm in the
additional proton dimension (f1). The number of scans
per increment was 16, the acquisition time was 0.285 s
and a relaxation delay of 1 s was used; the experiment
required 26.75 h to acquire. The spectrum was processed
rather traditionally as a 1K x 512 x 128 matrix, using
Gaussian apodisation in {3, sine bell squared in {2 and
f1, and minimal forward linear prediction.

1D proton chemical shifts and coupling constants
were accurately determined by full spectral simulation
using gNMR 3.6 for MacOS (Cherwell Scientific Pub-
lishing, Oxford, UK), as described in the text.
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